Understanding exciton behavior in organic semiconductor molecules is crucial for the development of organic semiconductor-based excitonic devices such as organic light-emitting diodes and organic solar cells, and the tightly bound electron-hole pair forming an exciton is normally assumed to be localized on an organic semiconducting molecule. We report the observation of long-range coupling of electron-hole pairs in spatially separated electron-donating and electron-accepting molecules across a 10-nm-thick spacer layer. We found that the exciton energy can be tuned over 100 meV and the fraction of delayed fluorescence can be increased by adjusting the spacer-layer thickness. Furthermore, increasing the spacer-layer thickness produced an organic light-emitting diode with an electroluminescence efficiency nearly eight times higher than that of a device without a spacer layer. Our results demonstrate the first example of a long-range coupled charge-transfer state between electron-donating and electron-accepting molecules in a working device.
INTRODUCTION
When a positive charge carrier and a negative charge carrier are drawn together by coulombic attraction, the carriers in some inorganic semiconductors are transformed into a bound pair, that is, an exciton, through electron-hole coupling. Similarly, when organic semiconducting molecules are excited through carrier recombination of electrons on a lowest unoccupied molecular orbital (LUMO) level and holes on a highest occupied molecular orbital (HOMO) level, they form localized excitons on a molecule, as shown in Fig. 1A for the example of 4,4′,4″-tris(N-3-methylphenyl-N-phenylamino)triphenylamine (m-MTDATA). The excitons are very stable because of their rather large exciton binding energies (E b ) of 0.5 to 1.0 eV (1, 2), so they are usually classified as Frenkel excitons (3, 4) .
An important issue in organic electronics is controlled modulation of exciton behavior in organic semiconducting thin films to better understand exciton behavior and develop efficient organic-based excitonic devices such as organic light-emitting diodes (OLEDs) (5, 6) and organic solar cells (OSCs) (7, 8) . In particular, methods to control the strength of E b would be of great use for various device applications such as excitonic transistors (9, 10) . However, most organic molecules have rather large E b , resulting in the formation of Frenkel excitons, that is, excitons strongly localized on individual molecules. Thus, controlling the spatial separation of electron-hole coupling is rather difficult.
In contrast, photon radiation from a charge-transfer (CT) state formed by electron-hole coupling between two distinct molecules, that is, electron-donating (D) and electron-accepting (A) molecules, to form an exciplex is well known, as illustrated in Fig. 1A for the combination of m-MTDATA and 2,4,6-tris(biphenyl-3-yl)-1,3,5-triazine (T2T) (11) (12) (13) (14) (15) (16) (17) . Because the photon radiation from an exciplex occurs as a result of an electron transition from the LUMO of an acceptor to the HOMO of a donor, a well-defined electron-hole spacer between them will influence the exciton decay characteristics. For efficient electron transfer from an excited donor molecule to the ground state of an acceptor molecule, it is believed that the two molecules should be physically adjacent. The dynamics of exciplex formation through long-range electron-hole coupling of spatially separated D-A pairs in organic thin films have yet to be reported. In addition, because the recombination process of a CT state limits the charge separation process in OSCs (18, 19) , understanding the interfacial CT states of D-A heterointerfaces is important to further improve charge separation and photocurrent generation.
Herein, we observe long-range electron-hole coupling for spatially separated organic semiconducting D-A heterointerfaces, and we successfully manipulate the characteristics of CT excitons by finely controlling the D-A separation distance using an organic thin film structure of "D-spacer (S)-A." To investigate the excited states formed at the thin film interfaces between donor, spacer, and acceptor molecules, we prepared films with m-MTDATA (20) as the electron-donating molecule, 3,3-di(9H-carbazol-9-yl)biphenyl (mCBP) (21) as the spacer molecule, and T2T (22) as the electron-accepting molecule. The chemical structures of these materials are shown in Fig. 1A .
RESULTS
First, the interactions between the excited states of the donor, spacer, and acceptor in codeposited thin films were examined by steady-state photoluminescence (PL) measurements. Figure 1B shows the PL spectra of co-deposited films of m-MTDATA:T2T, m-MTDATA:mCBP, and mCBP:T2T each co-deposited with a 1:1 molar ratio. The PL spectrum of the co-deposited D:A film was greatly red-shifted relative to that of the excited donor [denoted Fig. 1 , C and D). As a result, the film showed orange emission with a peak at 585 nm, which corresponds to an exciton energy of 2.12 eV and a PL quantum efficiency (F PL ) of 5%. In addition, these co-deposited thin films showed no additional absorption bands in the ground state absorption spectra as shown in fig. S1 , indicating that no ground state interactions exist between these molecules. The change in emission can be explained by the formation of a bimolecular excited (Fig. 1E, inset) , the time-resolved fluorescence of a D:A co-deposited film measured at 300 K revealed the presence of not only a prompt component with a transient decay time (t p ) of~33 ns but also a long-lived delayed component with a decay time (t d ) of~0.7 ms (Fig. 1E) . In addition, the emission spectrum of the delayed component nearly coincides with that of the prompt component ( fig. S2 ). Because the energy levels of 3 )*, these features confine the exciplex triplet excitons well, resulting in the occurrence of thermally activated delayed fluorescence (TADF) (17, (23) (24) (25) .
Further considering the D/S and S/A interactions, blue emission peaks around 425 and 445 nm were observed for the D:S and S:A co-deposited films, respectively. The emission peaks of these codeposited films exhibited a slight red shift (~0.2 eV) compared with those of the neat films of the donor and acceptor molecules ( Fig. 1 , B to D). Although a single-exponential decay with a lifetime of~2 ns was observed in an m-MTDATA neat film, a multiexponential decay with the components having lifetimes of~2.5 and~68 ns was observed in the m-MTDATA:mCBP co-deposited thin film. In addition, the lifetimes of the radiative decay components of the T2T:mCBP codeposited film (~6 and~15 ns) were longer than those of the T2T neat film. These PL decay characteristics indicate the presence of weak interactions between 1 (D)* and 1 (A)* and the ground state of the S molecules. However, these radiative decay lifetimes are quite short compared to that of the D:A system. These results imply that mCBP has bipolar characteristics and acts as a weak electron acceptor for m-MTDATA and a weak electron donor for T2T. Also, we note that whereas broad excimer emission was observed around 500 nm for a neat film of T2T (see Fig. 1D ), we ignored the excimer in our discussion of S/A and D/A interactions because the proportion of excimers should be small.
When m-MTDATA molecules were directly excited by photoabsorption, multilayered thin films with the structure of 10-nm-thick D/x-nm-thick S (x = 0, 1, 3, 5, 7, 9, 12, and 15 nm)/20-nm-thick A exhibited clear exciplex emission on the basis of the D/A interaction in addition to the 1 (D)* emission (Fig. 1F) . These results strongly imply that an electron moves from the excited m-MTDATA layer to the T2T layer through the mCBP spacer layer, involving rather long-range electron transfer through the spacer layer, before formation of the exciplex state
The exciplex formation and emission mechanisms of the multilayer films under optical excitation can be described by Eq. 1
Under optical excitation, because the exciplex energy of D:A is smaller than that of D:S, the transfer rate (k 1 ) should be larger than the competitive rate (k 3 ), that is, k 3 > k 1 . In a similar manner, it is expected that k 4 > k 2 . After photoexcitation of either m-MTDATA or T2T, the excitons are transferred to form exciplexes (D
, respectively, and some of these exciplexes then form
, which is the lowest energy state of the three, through cascade electron transfer between the three molecules. These intermolecular CT states can radiatively decay from the lowest singlet excited state (S 1 ) to the ground state with rate constants of k 5 , k 6 , and k 7 . When the thickness of the spacer layer (d) was increased, a slight broadening of the blue emission band was observed (Fig. 1F) , suggesting that the contribution of the radiative decay paths corresponding to k 5 and k 7 increases because of a decrease in the contribution of that of k 6 . Although the intensity of exciplex emission gradually decreased with increasing d, resulting in no exciplex emission from the thin films with d = 12 and 15 nm, the most important aspect of these spectra is the presence of a )* state at the D-A interface. This phenomenon is very similar to the PL process. However, because electrons (radical anions) and holes (radical cations) directly accumulated at the interfaces of mCBP/T2T and m-MTDATA/mCBP, respectively, the exciplex formation process is simply described by the reaction
Thus, EL components originating from 1 (m-MTDATA)* and 1 (T2T)* are not observed. Although a gradual blue shift of the EL spectra corresponding to a shift in exciton energy from 2.09 to 2.21 eV was observed as d increased from 0 to 7 nm, the devices still showed broad EL originating mainly from Because of the large proportion of the delayed EL, the maximum external EL quantum efficiency (h EQE ) markedly increased with d from 0 to 5 nm, resulting in a rather high h EQE of 2.8% for the device with d = 5 nm. This value is about eight times higher than that of the device without a spacer layer, as shown in Fig. 2D . We note that the h EQE of 2.8% is also about three times higher than that of a device with 50 mol % m-MTDATA:50 mol % T2T as an emissive layer (see fig.  S6 ). Conversely, when m-MTDATA and T2T layers are separated by >5 nm, h EQE decreases with increasing d. In addition, for the device with d = 9 nm, although efficiency enhancement by a factor of more than 2 was achieved at low current densities, h EQE decreased rapidly with increasing luminance, corresponding to the disappearance of the emission band originating from the Fig. 2E and fig. S4 .
Here, we discuss the dependence of EL characteristics on the spacerlayer material. When 9,10-di(2-naphthyl)anthracene (ADN) was used instead of mCBP as a spacer layer, although broad orange emission originating from the Finally, we explore the possibility of energy transfer from exciplexes to fluorescent dopants with the goal of enhancing h EQE . Tuning the exciton energy of exciplexes by spatially separating the D-A pairs enables us to transfer energy to emissive donor molecules. To transfer energy from long-range coupled exciplexes to emissive donor molecules, tetraphenyldibenzoperiflanthene (DBP) was doped as an additional energy acceptor molecule into the spacer layer [that is, mCBP (1.5 nm)/2 wt % DBP:mCBP (2 nm)/mCBP (1.5 nm)], as shown in the inset of Fig. 3A . Figure 3A presents the EL spectrum of this device. Under electrical excitation, additional emission bands with peaks at l = 610, 661, and 725 nm are clearly observed, corresponding to the emission peaks of DBP in an mCBP host matrix under optical excitation (dashed line). Figure 3B shows the transient EL decay curves obtained for this device. A clear delayed EL component was observed after the excitation pulse for the emission band at 610 nm, and the emission spectrum of the delayed component matched that of the prompt component well, indicating that the triplet energy of the exciplex was resonantly transferred to the S 1 state of DBP after RISC in the exciplex. Although singlet and triplet excitons generated in the D-S-A system can both be transferred to the DBP molecules, the device showed a limited maximum h EQE of 2.4%, which is comparable to that of the device with d of 5 nm. The low h EQE may result from the in-plane distribution of DBP decreasing the Förster energy transfer rate between the exciplex and DBP because the direction of the dipoles in the exciplexes should be perpendicular to the film thickness.
DISCUSSION
We can draw three important conclusions from our D-S-A system. First, an electron on an acceptor molecule and a hole on a donor molecule can interact across a 10-nm-thick spacer layer, and we confirmed the presence of long-range coupled CT states formed in such spatially separated D-A pairs. Second, exciplex characteristics, that is, exciton energy, radiative decay lifetime, and exciton production efficiency, under optical and electrical excitation can be modulated by adjusting the distance of electron-hole coupling. Third, the energy of the spatially delocalized exciplex that forms between a spatially separated D-A pair can be harvested by additional energy acceptor molecules. In this device architecture, because no direct carrier injection into emissive molecules (that is, DBP) is required to obtain DBP emission, the carrier recombination and photon-radiation zones can be spatially separated while a high electrical field is applied to the thin spacer layer. Because numerous organic semiconducting D-A systems for light emission (15) and charge separation (27) have been developed, we expect that our observation of long-range coupling of electron-hole pairs in organic D-S-A multilayers reveals new possibilities for developing organic excitonic devices and molecular electronics (28) (29) (30) .
MATERIALS AND METHODS

Materials
HAT-CN, m-MTDATA, and mCBP were purchased from NARD Institute Ltd. Alq 3 was used as received from Nippon Steel Chemical Co. Ltd. T2T was synthesized according to a reported procedure (22) .
Optical characterization of organic thin films
Steady-state PL spectra of organic films were recorded by a spectrophotometer (FP-6500-A-51, JASCO). PL quantum efficiency was measured by an absolute PL quantum yield measurement system (C11347-01, Hamamatsu Photonics) under a flow of nitrogen gas with an excitation wavelength of 337 nm. Low-temperature PL intensity and emission lifetime were measured using a streak camera (C4334, Hamamatsu Photonics) and cryostat (Iwatani Industrial Gases Co.) with a nitrogen gas laser (MNL200, Laser Technik) as an excitation light source under a pressure of about 3 Pa. HOMO levels were measured by photoelectron spectroscopy (Riken Keiki, AC-3).
Fabrication of OLEDs
Glass substrates with prepatterned 100 ohm/sq tin-doped indium oxide (ITO) were used as anodes. Substrates were washed by sequential ultrasonication in neutral detergent, distilled water, acetone, and isopropanol, and then exposed to ultraviolet (UV)-ozone (NL-UV253, Nippon Laser & Electronics Lab) to remove adsorbed organic species. After precleaning, effective device areas of 1 or 4 mm 2 were defined on the glass substrates with a 100-nm-thick ITO coating by a polyimide insulation layer using a conventional photolithography technique. Substrates were treated with UV-ozone for 25 min and then immediately transferred into an evaporation chamber.
Organic layers were formed by thermal evaporation. Doped layers were deposited by coevaporation. Deposition was performed under vacuum at a pressure of <5 × 10 −5 Pa. After fabrication, devices were immediately encapsulated with glass lids using epoxy glue in a nitrogenfilled glove box (O 2 <0.1 ppm, H 2 O <0.1 ppm). Commercial calcium oxide desiccant (Dynic Co.) was included in each encapsulated package.
Characterization of OLEDs
The current density-voltage-luminance characteristics of the OLEDs were evaluated using a source meter (Keithley 2400, Keithley Instruments Inc.) and an absolute external quantum efficiency measurement system (C9920-12, Hamamatsu Photonics). Each EL spectrum was collected by an optical fiber connected to a spectrometer (PMA-12, Hamamatsu Photonics). Time-resolved EL decay curves were obtained using a streak camera (C4334, Hamamatsu Photonics) with a pulse generator (81101A, Agilent) as an electrical excitation source. We used a short pulse with a width of 5 ms and a fixed voltage of 7 V. All measurements were performed in ambient atmosphere at room temperature.
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